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ABSTRACT

DFT optimization studies of 90 syn o-maltotetraose (DP-4) amylose fragments have been carried out at
the B3LYP/6-311++G** level of theory. The DP-4 fragments studied include V-helix, tightly bent confor-
mations, a boat, and a 'C, conformer. The standard hydroxymethyl rotamers (gg, gt, tg) were examined
at different locations in the residue sequence, and their influence on the bridge conformations ¢/ values
and conformer energy is described. Hydroxyl groups were considered to be homodromic, that is, they are
either in the all clockwise, ‘c’, or all counterclockwise, ‘r’. Energy differences between conformations are
examined in order to assess the stability of the different conformations and to identify the sources of
energy that dictate amylose polymer formation. A small nearly cyclic compact structure is of low energy
as one would expect when these flexible molecules are studied in vacuo. Many conformations in which
the only differences are a single hydroxymethyl variation in the residue sequence show similar energies
and bridge conformations, with trends being a result of the hydroxymethyl as well as hydroxyl orienta-
tion. In general the ‘c’ structures are of lower energy than the ‘r’ structures, although this is only true for
the in vacuo state. The solvent dependence on conformational preference of several low-energy DP-4
structures was investigated via the continuum solvation method COSMO. These results suggest that

the ‘r’ structures may be favored for fully solvated molecules.

Published by Elsevier Ltd.

1. Introduction

Starch is composed of two major fractions, linear amylose of o-
(1-4)-linked glucose residues in the *C;-chair conformation, con-
sidered to be amorphous in starch, and the branched amylopectins,
composed of two double helices with parallel strands linked at the
6-position, considered to be the more crystalline phase. Amylose
conformations are generally denoted as A, B, and V-amylose types,
with different configurations of water molecules and crystal orien-
tations.!> The dihedral angles at the glycosidic bonds determine
the structural features, with the syn conformation being found in
many carbohydrate structures. Recently,*> larger structures have
been found that contain anti conformations, that is, one glucose
residue is flipped about the glycosidic bond dihedral angle ¥/ to
a value of ~180°. These so-called ‘band-flip’ conformations are of
interest because of the possible high-energy or stressed form re-
lated to such conformational transitions. Further, new structures®’
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show ‘kink’ conformations, where adjacent residues in syn orienta-
tion are rotated out of the normal syn conformational state, but not
flipped. These stressed conformations also require critical theoret-
ical examination as to their stability. In particular, they appear to
be the favored conformation of an amylose fragment bound at
the active site of a-amylases.®”’

The carbohydrate o-maltotetraose is a four-glucose residue
fragment of amylose, and it is of particular interest as it has nutri-
tional and dietetic significance in enriched syrups.? It is also used
as a diagnostic testing material for amylase enzymes.>!® In the
work reported here, the syn form of o-maltotetraose becomes a
model for larger amylose polymers.

Density functional geometry optimization studies at the B3LYP/
6-311++G** level of theory have been carried out on more than 90
syn o-maltotetraose amylose fragments, denoted as DP-4s. This
work is a continuation of an extensive computational study on car-
bohydrates from this laboratory that has, in particular, previously
published the results of density functional theory (DFT) calcula-
tions for mono-,''"1% di-,'”-23 and trisaccharides® in which the
geometry, electronic energy, and conformational characteristics
of these important carbohydrates have been obtained. DP-4
fragments are optimal for amylose studies as their structures are
computationally accessible through DFT employing large basis
sets, but they are sufficiently complex that one can begin to
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observe structural differences due to side-chain orientations and
distance between end residues. To our knowledge, large basis set
DFT structural/energetic studies of carbohydrates of this size and
complexity have not been reported in the literature. Previously,
the largest amylose-like structures that have been studied are
DP-3 conformers.?*

In the work presented here, we examine the “C; ring conforma-
tions of DP-4 amylose fragments (four a-p-glucopyranose residues
linked through the (1-—4)-positions). These molecules have the
possibility of great diversity in backbone conformations just by
varying the hydroxymethyl groups to their gg, gt, or tg conforma-
tion (see Fig. 1). We report here structures in which each residue
may have gg or gt hydroxymethyl conformations without regard
to those groups on either side. The doubling of the number of con-
formers arises from the choice of either the clockwise ‘c’ or coun-
terclockwise ‘r’ conformation for the hydroxyl groups (see Fig. 2).
Thus, if all hydroxymethyl groups are denoted as gt-gt-gt-gt-c
(the sequence is written from the non-reducing end (left) to the
reducing end (right) and in this case ‘c’ denotes the hydroxyl
groups are clockwise), we expect to find a particular set of ¢/
values for each of the three bridging glycosidic regions. Changing
the hydroxymethyl groups to gg-gg-gg—gg-c results in a different
set of ¢y/yy; values and energy due to the different electronic sur-
roundings throughout the molecule, resulting from the different
orientations of the hydroxymethyl groups relative to one another.
When different hydroxymethyl conformations on each successive
residue are produced, such as the sequence gt-gg-gt-gg-c, one
should find somewhat different ¢/ values from those above.
Changing all the hydroxyl groups to their ‘r’ orientation will give
a totally different set of dihedral angles and energies for the exam-
ples described above. The higher energy tg conformers are not
studied in such detail, although a number of tg-bearing conforma-
tions are examined, in particular, a very low energy conformation
is found with residue a (non-reducing end) bearing a tg hydroxy-
methyl conformation.

Note that the starting conformation strongly influences the final
optimized conformations of the DP-4 fragments. For example, if we
create a very tight, almost cyclic structure, by using dihedral angles
that are twisted away from the traditional maltose-like conforma-
tions, we find a very stable conformation of a tight nearly cyclic
nature, stable simply because there is no solvent to act on the hy-
droxyl groups to allow the chains to extend back to normally ob-
served forms (see Fig. 3). The very tight in vacuo conformation is
of interest because of the strong electrostatic or hydrogen-bonding
energy contributions, and would become less energetically favored
if entropic contributions and solvent!>!® were included. Of greater
interest are those subtle differences in V-helix>-like and double-
helix-like conformers when the hydroxymethyl groups are varied.
These conformations will be examined in considerable detail.
Band-flip and ‘kink’ forms are presented in Paper II of this series.?

a residue

a residue

clockwise

clockwise ~—___ ©

£8-88-81-88-r
‘r’ form
AE=2.7 kcal/mol

£8-88-81-g8-c
‘¢’ form
AE=0.1 kcal/mol

Figure 2. B3LYP/6-311++G** geometry optimized DP-4 amylose displaying the ‘c’
and ‘r’ orientation of the hydroxyl groups.

gt-gl-gt-gg-r
sharp folded conformation

AE=1.0 kcal/mol

gl-gt-gt-gg-r
normal form

AE=4.4 kcal/mol

Figure 3. B3LYP/6-311++G** geometry optimized DP-4 amylose displaying the
difference between the sharp folded form and normal form.

Utilizing DFT methods, and keeping the above considerations in
mind, it is possible to examine different states of the DP-4 frag-
ments and analyze the parameters produced including internal
coordinates, hydrogen-bond distances, end-to-end distances and
improper dihedral angles, conformations of the soft variables, di-
pole moments, and finally electronic energies.

2. Computational methodology

Starting conformations are generated using in-house empirical
potentials, AMBO6C (unpublished), and the Insightll/Discover
graphics/computational software.?® In order to obtain coverage of
the many different conformations, we have chosen to include all
of the possible combinations of the gg and gt hydroxymethyl
groups for both the homodromic clockwise, ‘c’, and counterclock-
wise, ‘T’, hydroxyl groups. Only a few selected combinations of tg

88-88-88-88-C
AE=0.3 kcal/mol

gt-gt-gt-gt-c
AE=3.7 kcal/mol

tg-tg-1g-1g-c
AE=7.0 kcal/mol

Figure 1. B3LYP/6-311++G** geometry optimized ‘c’ type DP-4 amylose fragments showing the different hydroymethyl orientations gg, gt, and tg.
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conformational hydroxymethyl groups were examined, since tg is
not found in X-ray studies of the dextran or cycloamylose frag-
ments,*> and it is found to be of higher energy than gg or gt con-
formers in monosaccharides'!~'® and maltose.!”~!°

DFT calculations are carried out using the B3LYP non-local
exchange functionals with preliminary optimization using the 6-
31+G* basis set, followed by optimization at the larger, 6-
311++G**, basis set. This methodology has proven to be very useful
for carbohydrates where hydrogen bonding is important for deter-
mining the conformational and structural parameters of these mol-
ecules. The smaller basis set is close to the larger basis set, but on
occasions it is not sufficiently robust, in particular for molecules
containing complex interactions of hydroxyl groups or those with
explicit water.’>'® Parallel Quantum Solutions®’ software and
hardware (QS4-2000S, QS8-2600S, and QS16-2600S) were utilized

Table 1
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d residue [
1-hydroxyl

(orientation
change)

d residue /

1-hydroxyl

8t-gg-gg-gg-c’
AE=2.9 kcal/mol

8t-88-88-88-¢
AE=1.1 kcal/mol

Figure 4. B3LYP/6-311++G** geometry optimized DP-4 amylose fragments show-
ing the difference in the 1-hydroxyl and 2-hydroxyl orientation in the d residue.

B3LYP/6-311++G™* relative energies, conformations (¢n/y; dihedral angles in degrees) and dipole moments of ‘r’ type DP-4 amylose fragments

Conformer Dihedral angles® AE (kcal/mol) Dipole (Debye)
™ Yia™ dm™ s T Ya®
All gg or single gt substitution
gg-gg-gt-gg-c -73 -17.9 -7.6 —-17.7 -10.3 —16.2 0.1 4.0
gg-gt-gg-gg-c —-8.8 —-19.7 -8.1 —-17.3 -7.5 —16.5 0.3 5.6
2g-88-28-88-C -7.9 -204 -6.4 —18.6 -7.8 -209 0.3 3.9
gg-gg-gg-gt-c -7.7 -19.6 —-6.2 -16.6 -9.0 —-21.8 0.5 2.4
gt-gg-gg-gg-c -10.4 -18.0 —6.4 —18.5 -7.6 -19.9 1.1 5.7
gg-gg-gt-gg-c® -7.6 -18.3 -7.7 —18.8 -8.7 -17.0 1.9 4.9
gg-gg-gg-gt-c’ -7.7 -19.6 -6.2 —16.6 -7.7 —-22.1 23 3.6
gt-gg-gg-gg-c’ -10.4 —18.1 -6.3 —18.5 —6.5 -18.5 29 7.2
Double substitutions
gg-gt-gg-gt-c -8.7 -20.3 -84 -17.4 -8.8 -22.0 0.5 43
gg-gt-gt-gg-c -83 -19.6 -7.2 -21.3 -10.3 -15.3 0.9 6.1
gt-gg-gt-gg-c -9.9 -18.3 -7.6 -19.3 -10.2 -16.3 0.9 5.6
gg-gg-gt-gt-c -7.4 —-18.6 -7.3 -19.7 -8.2 -249 1.2 3.6
gt-gg-gg—gt-c -10.0 —-18.3 —6.1 -16.7 -8.9 —-21.7 1.3 4.0
gt-gt-gg-gg-c -83 -239 -8.6 -17.0 -74 -18.4 2.0 7.2
gg-gt-gg-gt-c’ -8.8 -20.3 -84 -17.5 -7.6 -21.6 23 4.8
gg-gt-gt-gg-c’ -84 -19.8 -7.2 -21.7 -8.8 -16.0 2.7 6.5
gt-gg-gt-gg-c’ -10.1 -18.2 -7.5 -19.5 -8.6 -16.8 2.8 6.6
gg-gg-gt-gt-c’ -7.7 -18.7 -7.7 -20.9 -7.2 —25.2 2.9 35
gt-gg-gg-gt-c’ -10.1 -18.3 -6.0 -17.3 -7.6 -21.7 3.1 5.2
gt-gt-gg-gg-c’ -84 -23.9 -8.7 -17.0 —6.4 -17.7 3.8 8.3
All-gt or single gg substitution
gg-gt-gt-gt-c -8.2 -20.0 —6.7 -239 -83 —25.3 2.0 5.6
gt-gg-gt-gt-c -9.8 -18.3 -7.0 -213 -8.1 -25.0 2.0 4.6
gt-gt-gg-gt-c -8.1 -23.9 -84 -17.0 -8.8 -224 22 5.7
gt-gt-gt-gg-c -7.7 —24.5 -7.2 —22.1 -10.2 —-15.3 2.6 7.5
gt-gt-gt-gt-c -7.6 —245 -6.9 —24.9 -8.2 —25.8 3.6 6.4
gg-gt-gt-gt-c’ -85 -20.2 -7.2 -24.6 -7.3 -25.9 3.6 53
gt-gg-gt-gt-c’ -10.1 -18.3 -7.4 -22.5 -7.2 —25.5 3.7 5.0
gt-gt-gg-gt-c’ -8.2 —24.0 -84 -171 -7.5 -22.0 39 6.4
gt-gt-gt-gg-c’ -7.8 -249 -7.2 -22.5 -8.7 -15.9 4.4 8.1
tg type
tg-gg-gt-gg-c -7.6 -19.7 -7.8 -18.3 -10.3 -15.8 0.0° 5.8
tg-gt-gg-gg-c -8.8 -19.2 -85 -18.3 -74 -18.0 0.1 7.0
tg-gg-gg-gg-c -7.9 -21.5 -6.7 —20.0 -7.7 -19.1 0.2 5.7
tg-gg-gg-gt-c -79 -21.3 -6.5 -18.9 -8.8 -21.7 0.4 4.5
tg-gt-gg-gt-c -8.8 -19.7 -85 —18.2 -8.8 -22.1 0.4 59
tg-gt-gt-gg-c —8.2 -18.9 -7.2 -233 -10.3 -15.2 0.8 7.5
tg-gg-gt-gt-c -7.9 -22.0 -7.4 -20.8 —8.2 -24.9 1.2 5.6
tg-gt-gt-gt-c -83 -20.3 -7.0 -25.0 -8.1 -25.7 1.9 7.3
gg-gg-gg—-tg-c -7.5 -18.2 —6.5 -16.6 -6.9 -19 2.2 3.2
gt—gt-gt—tg-c -7.8 —24.1 -8.8 —26.8 -79 7.9 5.4 6.5
tg-tg-tg-tg-c -7.5 -25 -6.5 -3.7 -6.0 0.8 7.0 7.7
tg-tg-tg-tg-c’ -7.7 -3.1 -6.7 -5.5 -5.7 -0.7 8.3 7.7
1C4
gg-gg-gt-gg-c’ -7.5 -19.8 -30.6 34.7 —26.1 143 149 2.0

2 The dihedral angles are defined as follows: ¢, is Hla-C1a-01a-C4b, whereas the superscripts label the ring starting from the non-reducing ring labeled as ‘a’. y4® is
H4b-C4b-01a-Cla. The other ¢}y, dihedrals are defined analog just changing the ring labels.
b Conformations labeled with a ~-c indicate that the 01d-H hydroxyl group is pointing away from the hydrogen bonding net work toward the 05d ring oxygen.

¢ Electronic energy of the lowest energy ‘c’ conformer is —1581480.2 kcal/mol.



U. Schnupf et al./Carbohydrate Research 344 (2009) 362-373 365

Table 2

B3LYP/6-311++G** relative energies, conformations (¢ /yy; dihedral angles in degrees) and dipole moments of ‘r’ type DP-4 amylose fragments

Conformer Dihedral angles® AE (kcal/mol) Dipole (Debye)
o™ Vna®® dun™ Yna™ ™ Yna™
Al- gg or single gt substitution
gt-gg-gg-gg-r 2.2 103 2.8 14.7 3.1 15.7 1.7 9.5
gg-22-2g-gg-T 0.7 14.6 3.5 14.6 3.6 15.8 2.0 114
gg-gt-gg-gg-r -3.8 129 -2.0 8.7 3.1 15.9 2.6 9.3
gg-gg-gt-gg-r 0.2 14.6 -3.8 11.0 —-4.7 7.4 2.7 10.1
gg-gg-gg-gt-r 0.8 14.8 4.0 15.1 -3.6 13.1 3.0 11.6
gg-gg-gg-gg-1'c 0.4 14.6 2.6 13.9 29 15.6 5.2 13.1
Double substitutions
gt-gg-gt-gg-r -13 111 -2.8 12.6 -4.9 7.4 2.6 8.3
gt-gg-gg-gt-r -0.4 11.8 4.8 15.7 -3.1 139 29 9.8
gt-gt-gg-gg-r 3.8 16.4 -2.5 8.4 1.9 15.4 29 7.5
gg-gt-gg-gt-r -3.7 129 -1.7 9.2 -2.5 141 3.8 9.8
gg-gg-gt-gt-r 0.5 14.8 -3.6 11.1 2.6 14.7 4.4 10.9
gg-gt—gt-gg-r —4.6 11.0 -11.6 143 —14.2 5.5 5.1 1.4
gt-gt-gg-gg-r’d -8.2 -279 -0.7 9.8 3.1 16.1 3.1 9.0
gg-gt-gt-gg-r® -53 103 -11.8 13.7 -14.5 49 8.5 3.5
All-gt or single gg substitution
gt-gt-gg-gt-r 39 16.3 -1.0 9.9 -2.8 14.2 4.2 8.0
gt-gt-gt-gg-r 3.9 16.7 2.9 13.8 -5.3 7.3 4.4 6.5
gt-gg-gt-gt-r -1.1 11.2 -2.2 129 2.6 149 4.4 9.2
gg-gt-gt-gt-r -5.2 11.7 4.6 14.7 1.1 13.6 5.8 9.5
gt-gt-gt-gt-r 4.6 16.7 55 15.6 2.2 14.5 6.4 7.7
gt-gt-gg-gt-1" -8.2 -283 -0.2 10.2 -28 139 4.3 9.7
gt-gt-gt-gg-1’ -8.2 -28.7 5.0 14.0 -29 9.7 4.6 8.1
gt-gt-gt-gt-r”’ -85 -27.9 5.7 14.6 2.0 14.5 6.5 9.4
tg type
tg-gg-gg-gg-r 24 16.6 3.6 15.3 33 15.9 1.8 9.4
tg-gt-gg-gg-r —-2.6 14.8 —2.6 8.5 2.8 16.0 2.6 7.7
tg-gg-gt-gg-r 2.7 16.9 -1.7 13.5 —4.4 8.3 2.6 8.1
tg-gg-gg-gt-r 2.1 16.6 3.5 15.3 —-4.0 13.1 2.8 9.5
gg-gg-gg-tg-r 1.1 15.2 34 153 -0.5 13.5 33 11.0
tg-gt-gg-gt-r -0.8 16.1 1.5 12.2 -3.2 141 3.9 8.1
tg-gt-gt-gg-r -2.1 15.0 5.6 15.6 -5.2 7.5 4.0 6.6
tg-gg-gt-gt-r 3.7 174 —-24 134 24 14.9 4.4 9.0
gt-gt-gt—tg-r 3.2 19.5 -16.2 31.7 -84 123 5.1 7.1
tg-gt-gt-gt-r -1.9 153 6.4 16.0 29 15.0 6.0 7.9
tg-tg-tg-tg-r 2.1 15.8 3.5 15.6 1.9 16.5 6.9 6.3
tg-tg-tg-tg-r 1.7 15.4 14 14.7 -6.4 -36.4 9.4 9.0
tg-gt-gg-gg-r’ -10.5 -17.0 2.1 119 34 16.2 3.2 8.9
tg-gt-gg-gt-r’ -8.8 —26.1 3.6 124 -23 14.6 4.5 9.7
tg-gt-gt-gg-1"’ -10.7 -16.5 7.5 15.5 -2.2 10.5 4.7 8.1
tg-gt-gt-gt-r”’ -94 —26.1 7.0 15.3 34 15.7 6.6 9.7
Sharp folded conformation
gt—gt-gt—gg-r 9.7 193 —39.0 58.0 -7.0 8.6 1.0 2.1
Boat
gt-gt-tg-gg-r 21.1 16.5 —36.4 46.3 -30.0 21.4 15.2 29

2 See Table 1 for definition of dihedral angles.
b See Table 1 for absolute value of lowest energy conformer.

¢ Conformations labeled with a ~-r indicate that the 02-H hydrogen is rotated away from O1 but maintains the hydrogen bond with the O3-H hydroxyl group. This can

occur on the reducing or first non-reducing ring or both.

9 In this case the C1a-C2a-02a-H has a dihedral angle of ~(+25) instead of the typical dihedral of ~(—40).

e

throughout, and results are reported only for the large basis set.
Convergence criteria were similar to those used for the monosac-
charides!'"1® with an energy change of less than 1 x 10~° Hartree
and a gradient of less than 3 x 10~ a.u. Results have been dis-
played using HypercHEM 8.0.28

We define the hydroxyl groups to be homodromic, either clock-
wise designated ‘c’ relative to the numbered glucose ring starting
at the anomeric carbon atom and counting clockwise around the
ring, or counterclockwise, designated as ‘r’. Both conformational
states are examined in this work. Because of the extended hydro-
gen-bond network, we do not mix the ‘c’ and ‘r’ conformations, that
is, they are maintained homodromic. The hydroxymethyl groups
are started in the gg, gt, or tg conformation, using the standard
nomenclature for hydroxymethyl rotation around the C5-C6 bond
(i.e., the first term is relative to the ether ring O5 oxygen, while the

Both of the O6-H of the gt conformations are pointing away from the O5 ring oxygen.

second term is relative to atom C4). The orientation of the hydroxyl
hydrogen on the O6 atom is taken to be that which points toward a
potential hydrogen bond acceptor (g+, g—, t)."*

2.1. Selecting starting conformations

All the glucose rings in DP-4 were taken to be in the *C; chair
conformation (with few exceptions), and different conformations
were built using the Insightll/Discover program?® and in-house
empirical potentials (AMBO06C) developed for carbohydrates by
the authors. When a unique structure is found that is stable using
the empirical potentials, the coordinates are transferred to the PQS
programs for geometry optimization at the B3LYP/6-31+G* level of
theory, and the structures resulting from this minimization are re-
optimized at the B3LYP/6-311++G** level of theory. Only the re-



366 U. Schnupf et al. / Carbohydrate Research 344 (2009) 362-373

Table 3

Calculated?® and experimental® dihedral angles, glycosidic angles, and virtual angles from the X-ray structure of cycloamylose, CA26%¢ and maltotetraose

Dihedral anglesf X-ray® X-ray? Calculated values
¢ l// ¢ l// ¢ab l//ab d)bc l//I:»c ¢cd ]//c(l
Max (helical) 115.3 1314 112.1 127.1 ‘c’ 109.6 115.3 110.7 114.2 110.7 125.2
T 1214 137.9 1244 149.1 120.5 135.1
Min (helical) 91.1 97.4 89.6 99.7 ‘c’ 106.7 95.5 108.4 95.5 106.8 943
‘T 104.5 92.2 101.9 127.7 102.5 1239
Mean (helical) 103.6 115.3 104.4 114.6 ‘c’ 108.5 100.9 109.6 101.3 108.7 102.0
T 114.7 125.2 117.6 132.3 115.6 130.5
Maltotetraose®®
Type 1¢ Type 2° Ave® Calculated"
¢ v ¢ v ¢ U ¢ v
Glc1-2 119.2 —-100.4 125.9 —106.8 123.6 —103.5 ‘c’ 108.5 —139.0
‘r'114.7 —-114.6
Glc2-3 106.3 —-124.0 91.6 -112.8 97.2 —119.5 ‘c’109.1 —138.6
‘T118.9 -107.5
Glycosidic bond angle Calculated at central bonds, all gg/gt
C(1)-0(1)-C(4) (degrees).
X-ray® X-ray? @ ‘T
Max 120.7 121.6 119.6 119.7
Min 114.6 114.6 117.6 117.0
Mean 118.3 118.0 118.1 118.9
Virtual angle X-ray*© Calculated
04-04'-04" (degrees) Helical for gg/gt
o -
Max 136.7 136.2 1421
Min 117.9 130.1 128.5
Mean 126.4 134.6 133.0
2 Values calculated from vacuum conformations excluding special conformations such as mixed (c, r), 'Cs4, sharp folded, and boat.
b Experimental values from Refs. 4-7.
¢ See Ref. 4.
94 See Ref. 5.
¢ See Ref. 6.

f ¢ is defined as 05-C1-01-C4’ and  is defined as C1-01-C4'-C3'.
& See Ref. 7.
" ¢ is defined as 05-C1-01-C4’ and v is defined as C1-01-C4'-C5'.

sults from the larger basis set are included here. Implicit solvation
calculations were carried out using COSMO?° subroutines included
in the pos software.?”

2.2. V-helix type structures

Numerous syn conformations similar to the V-helix type struc-
tures were studied. These conformers all appear to have overall
curvature similar to that observed in a four-residue section of V-
helix.®> However, the side-chain differences create electronic dis-
turbances that run throughout the molecule creating changes in
bridging dihedral angles as well as minor variances in the dihedral
angles of the 2- and 3-hydroxyl groups. On the non-reducing ter-
minal-end residue a, the 4-position hydroxyl group is always taken
to be in the same direction as the 2- and 3-position hydroxyls in
that residue. Similarly, on residue d (reducing end), the 1-position
hydroxyl is always taken to be in the same direction as the 2- and
3-position hydroxyls in that residue. One exception is in the ‘C’
form where the 1-hydroxyl group on the residue d can point to-
ward the O5 ring oxygen instead of taking the same direction as
the other hydroxyl groups (see top of Fig. 4). Further, the 2-hydro-
xyl group on the reducing end residue can take two conformations
when in the ‘r’ form, one pointing the hydrogen atom directly to-
ward the 1-hydroxyl axial oxygen atom, the second pointing 60°
rotated away from the 1-position. Both conformations result in
one lone-pair orbital pointing at the 3-hydroxyl hydrogen (see bot-
tom of Fig. 4).

The conformational states of the hydroxymethyl groups are not
always taken to be the same for each residue, and this allows for

many possible configurations. Many conformations that could in-
clude a tg conformation are not studied, these being generally of
high energy and entropy by both the empirical energy functions
used in the molecular construction and from the resulting DFT
energies of maltose!”'® and DP-3 structures.?* We also considered
some experimental structures*> using their conformational condi-
tions as guides to important properties of DP-4 conformers. To this
end it was observed that in the CA26 X-ray diffraction structures,*>
all the hydroxymethyl groups are either gg or gt with no tg con-
formers. Similarly, an o-maltotetraose molecule bound to o-amy-
lase is of interest,%’ as is the molecule maltotritol,*® where the
3-position hydroxyl group of the second residue points its hydro-
gen atom directly toward the O2 supporting the ‘c’ or clockwise hy-
droxyl groups direction, and giving us a direct ¢y/;; comparison
with our calculated values. A few examples of the tg conformation
are examined, particularly on the ‘a’ residue position where this is
a low-energy conformation. This case is suggestive of a form of end
effect, which will be discussed later. However, tg hydroxymethyl
conformations are generally of high energy in other positions in
the chain, so the major concentration of this work is on the gg
and gt forms.

3. Results
3.1. DP-4 conformations
In Tables 1-5 we list important conformational parameters and

compare the calculated results with experimental data. Table 1
lists the ‘c’ type DP-4 conformers in order of their energy, and
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Table 4
B3LYP/6-311++G** conformations of ‘c’ type DP-4 amylose fragments, dihedral angles (degrees) for the hydroxymethyl groups.
Conformer Ring a Ring b Ring c Ring d

occo? CCOH® 0OCCo CCOH 0Cco CCOH 0CCco CCOH
Al- gg or single gt substitution
gg-gg-gt-gg-c —64.5 63.8 -59.3 60.3 65.1 —56.8 —62.2 61.6
gg-gt-gg—gg-c —64.9 63.4 63.8 —58.0 —-61.9 63.0 —-57.9 58.0
28-g8-gg-g8-C —64.6 63.9 —-59.2 60.9 -589 60.3 —58.1 58.1
gg-gg-gg—gt-C —64.5 63.7 -59.1 60.8 —58.9 59.5 62.7 —515
gt-gg-gg-gg-c 63.6 —56.8 -63.3 64.8 —58.9 60.4 —58.0 58.0
gg-gg-gt-gg-c'© —64.5 63.9 -59.3 60.3 64.0 574 —61.4 59.0
gg-gg-gg-gt-c’ —64.5 63.8 -59.1 60.8 —58.8 59.1 61.1 —55.1
gt-gg-gg-gg-c’ 63.7 —56.7 —63.3 64.7 —58.7 59.9 —58.1 56.2
Double substitutions
gg-gt-gg—gt-c —64.8 63.3 63.7 —57.8 —62.2 62.5 62.4 —51.4
gg-gt-gt-gg-c —64.9 63.5 62.3 —57.1 63.5 ~56.8 —622 61.9
gt-gg-gt-gg-c 63.1 -56.6 —63.1 63.9 64.7 -56.9 —62.1 61.7
gg-gg-gt-gt-c —64.5 63.7 -593 60.3 62.4 —56.2 61.9 —51.4
gt-gg-gg-gt-c 63.3 —56.7 —62.9 64.3 ~58.9 59.7 62.6 ~51.5
gt-gt-gg-gg-c 60.9 —56.1 63.1 —57.9 —62.2 63.5 —58.0 58.1
gg-gt-gg-gt-C' —64.8 63.4 63.8 —57.7 —62.1 62.1 60.8 ~55.0
gg-gt-gt-gg-c’ —65.0 63.6 62.3 —57.1 62.5 -57.3 -61.5 59.3
gt-gg-gt-gg-c’ 63.2 ~56.6 —63.2 63.9 63.6 —57.5 —61.4 59.1
gg-gg-gt-gt-c’ —64.5 63.8 -59.3 60.2 62.0 —56.0 60.0 —54.8
gt-gg-gg—gt-C’ 63.4 —56.7 ~63.0 64.3 —58.9 59.3 61.0 —55.1
gt-gt-gg-gg-c’ 61.0 ~56.2 63.2 ~57.9 —62.1 63.0 —58.0 56.3
All-gt or single gg substitution
gg-gt-gt-gt-c —64.9 63.3 61.9 —57.0 61.0 -55.7 62.0 -51.6
gt-gg-gt-gt-c 63.0 —56.7 —63.0 63.8 62.0 —56.1 61.9 514
gt-gt-gg-gt-c 60.8 -56.0 62.7 -57.9 -62.2 62.8 62.4 -51.5
gt-gt-gt-gg-c 60.6 —56.1 61.2 -56.8 63.5 -57.1 —62.1 61.8
st-gt—gt-gt-c 60.6 —56.1 60.9 —56.7 61.1 —56.0 62.0 -51.6
gg-gt-gt-gt-c’ —64.9 63.4 62.0 -56.8 60.9 —55.7 60.2 —55.1
gt-gg-gt-gt-c’ 63.3 ~56.7 ~63.1 63.8 61.7 ~56.0 60.1 ~55.0
gt-gt-gg-gt-C’ 60.8 ~56.0 62.8 ~57.8 —62.1 62.3 60.8 —55.1
gt-gt-gt-gg-c’ 60.7 —56.1 61.3 -56.8 62.5 —57.6 614 59.3
ig type
tg-gg-gt-gg-c —178.0 179.7 —59.0 59.6 64.6 —56.6 —62.2 61.8
tg-gt-gg-gg-c —-177.3 —-178.3 63.8 —57.0 —62.0 63.1 —58.0 58.1
tg-gg-gg-gg-c ~178.0 179.5 ~59.0 60.4 —58.7 60.1 —58.1 58.1
tg-gg-gg-gt-c -178.1 179.7 —589 60.3 -58.8 59.4 62.5 -51.3
tg-gt-gg-gt-c -177.5 -178.9 63.3 —57.0 —62.0 62.4 62.5 513
tg-gt-gt-gg-c -1773 ~178.7 61.8 —56.1 63.4 —56.7 —62.2 62.0
tg-gg-gt-gt-c -178.1 179.5 —59.1 59.8 62.0 —55.8 61.8 -51.3
tg-gt-gt-gt-c -177.4 —-179.1 61.4 —56.1 61.0 —55.6 61.8 -51.4
gg-gg-gg-tg-c —64.5 63.8 —59.1 61.0 —60.5 62.8 169.5 705
gt-gt-gt—tg-c 60.5 —55.8 59.7 —56.1 93.8 —56.9 171.0 66.5
tg-tg-tg-tg-c —-174.9 —169.8 169.9 68.8 169.7 69.8 167.9 713
tg-tg-tg-tg-c’ -175.0 -170.8 170.2 68.7 1703 69.5 166.2 704
1C4
gg-gg-gt-gg-c’ —64.2 63.1 —-59.3 60.2 67.4 -71.1 —64.2 61.5

2 0CCO is defined as 05-C5-C6-06 at the specified ring.
> CCOH is defined as C5-C6-06-H at the specified ring.
¢ See Table 1 for definition of c'.

presents the bridge dihedral angles as defined from atoms H1 and
H4 at each bridge site, moving from left to right in the table as the
sequence moves from the non-reducing end to the reducing end.
The three sets of bridge dihedral angles define the total conforma-
tion of the four rings, and only the hydroxyl and hydroxymethyl
groups remain to be defined. Table 2 shows the equivalent param-
eters as in Table 1 for the ‘t’ type DP-4 conformers. In Table 3 a
comparison of the calculated results with experimental parameters
shows that the calculated DP-4 results are in very good agreement
with moderately high resolution X-ray data.*> Tables 4 and 5 list
the 05-C5-C6-06 dihedral angles for the four hydroxymethyl
groups including the C5-C6-06-H6 dihedral angles which define
the direction of the hydroxyl group for each hydroxymethyl. It
can be seen in Tables 4 and 5 that the gauche (gt and gg) regions
(1 =+60°and y; = —60°) predominate in the choices for the heavy
atoms of the hydroxymethyl groups, as they should, being of lower

energy in general than the tg () ; = 180°) region. It is important to
note that for the more standard conformers (excluding for now
those with tg conformations) there is not a great deal of deviation
from the perfect threefold gauche positions.

3.2. Clockwise ‘c’ conformational energies

The lowest energy conformation (see Table 1) is the tg-gg-
gt-gg-c structure with the structure, tg-gt-gg-gg-c, being
~0.1 kcal/mol higher in relative energy (AE). Examination of
the all-gg sequences shows that addition of gt conformers to this
series is somewhat unpredictable with regard to AE, where the
energy difference changes from 0.5 kcal/mol for gg-gg-gg-gt-c,
0.1 kcal/mol for gg-gg-gt-gg-c, and 0.3 kcal/mol for the gg-gt-
gg-gg-c structure, ending with 1.1 kcal/mol for the gt-gg-gg-
gg-c conformer. There is little doubt that the all-gg-c conformer
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Table 5
B3LYP/6-311++G™* conformations of ‘r’ type DP-4 amylose fragments, dihedral angles (degrees) for the hydroxymethyl groups
Conformer Ring a Ring b Ring ¢ Ring d

occo? CCOH 0OCco CCOH 0CCco CCOH 0Cco CCOH
All-gg or single gt substitution
gt-gg-gg-gg-1 59.3 —-61.2 —-61.7 61.1 -61.9 61.5 —62.6 63.2
£8-gg-gg-gg-r ~57.5 56.1 —61.1 60.1 —61.9 615 —62.7 633
gg-gt-gg-gg-T —58.1 57.3 60.3 —62.2 —62.5 62.5 ~62.6 63.3
gg-gg-gt-gg-T -57.6 56.4 —61.6 61.3 60.5 —63.3 —63.5 64.9
gg-gg-gg-gt-r —575 56.2 —61.2 60.5 —62.7 63.0 63.0 -59.8
gg-gg-gg-gg-1'> 574 56.0 ~61.0 60.0 —61.7 61.3 -62.3 62.7
Double substitutions
gt-gg-gt-gg-r 59.5 —613 ~62.2 62.3 60.1 ~63.0 —63.5 65.0
gt-gg-gg-gt-r 59.6 —61.0 —61.7 61.2 —62.8 63.1 62.8 ~59.6
gt-gt-gg—gg-r 63.4 ~59.7 59.1 —613 —626 62.8 —62.4 63.3
gg-gt-gg—gt-r —58.1 57.5 60.3 —62.4 ~63.1 64.2 62.6 ~595
gg-gg-gt-gt-r —57.7 56.6 —61.7 61.8 64.8 —62.4 61.3 -58.8
gg-gt-gt—gg-r ~57.9 55.6 74.8 ~174.3 96.2 103.5 -81.0 -102.7
gt-gt-gg-gg-1” 60.7 ~56.2 58.9 —62.2 ~62.6 62.7 —62.6 633
gg-gt-gt-gg-r"" ~57.9 55.5 749 ~173.9 96.1 104.0 -81.7 -102.5
All-gt or single gg substitution
gt-gt-gg-gt-r 63.4 -59.7 59.2 —61.4 ~63.2 64.2 62.5 -593
gt-gt-gt-gg-r 64.2 -59.7 62.7 —60.3 58.6 -62.0 —63.6 65.2
gt-gg-gt-gt-r 59.4 —61.2 —623 62.9 64.2 —62.1 61.1 —58.6
gg-gt-gt-gt-r ~58.2 58.0 65.1 ~60.9 62.7 —61.9 60.6 —58.4
gt-gt-gt-gt-r 64.3 —59.6 63.7 -59.7 62.7 —61.3 60.7 —582
gt-gt-gg-gt-r’ 60.6 -56.1 58.9 -62.3 -63.3 64.4 62.7 -59.6
gt-gt-gt-gg-r” 60.4 —56.1 62.5 ~60.8 58.6 —62.2 —63.5 64.9
gt-gt-gt-gt-r" 60.4 —56.2 63.2 —60.8 62.5 —61.6 60.6 —58.3
ig type
tg-gg-gg-gg-1 165.9 50.6 —61.2 60.2 —-62.0 61.5 —62.6 63.2
tg-gt-gg-gg-r 166.3 50.4 59.5 —-61.8 —62.5 62.7 —62.5 63.3
tg-gg-gt-gg-r 166.0 50.7 —61.9 61.6 60.1 —63.1 —63.5 64.9
tg-gg-gg-gt-r 165.9 50.6 613 60.7 —62.6 62.9 62.9 ~59.6
gg-gg-gg—-tg-T —57.6 56.2 —61.3 60.7 —64.0 66.3 159.4 74.9
tg-gt-gg—gt-r 166.4 50.5 59.8 —615 —63.1 63.9 62.6 —59.3
tg-gt-gt-gg-r 166.5 50.4 63.4 ~60.2 58.9 ~62.1 ~63.6 65.1
tg-gg-gt-gt-r 166.1 50.7 ~62.0 62.1 64.3 —62.1 61.2 —58.6
gt-gt-gt—tg-r 68.3 —57.1 82.3 ~56.6 101.5 —56.8 167.2 71.0
tg-gt-gt-gt-r 166.6 50.4 64.2 ~60.1 62.9 —61.2 60.9 583
tg-tg-tg-tg-r 167.0 50.7 157.4 74.9 157.5 74.1 157.1 74.3
tg-tg-tg-tg-r 167.4 50.2 157.6 74.4 156.7 72.5 157.9 55.2
tg-gt-gg-gg-1" 166.4 50.2 59.1 —61.4 —62.6 62.5 —62.8 63.5
tg-gt-gg-gt-1’ 166.4 50.2 59.3 —61.4 -63.3 64.1 62.5 ~59.4
tg-gt-gt-gg-1” 166.5 50.0 63.0 -60.3 58.9 —62.2 —63.5 64.8
tg-gt-gt-gt-r" 166.5 50.1 63.2 —60.5 62.9 —61.3 60.9 —58.4
Sharp folded conformation
gt-gt-gt-gg-r 66.1 —57.2 74.1 —69.1 733 —65.6 —60.4 60.5
Boat
gt-gt-tg-gg-r 64.5 —553 60.7 ~60.7 —168.9 83.1 -633 61.1

@ See Table 4 for dihedral angle definitions.
b See Table 2 for definitions of ', r’, and 1",

is not significantly lower in energy than any single-site combina-
tion of gg and gt rotamers. However, all-gg-c is lower in energy
than any double substitution or single gg in an all-gt sequence. A
similar energy series was found previously in our maltose!®
studies, where gg-gg-c is the lowest energy conformation, gg-
gt-c is ~0.4 kcal/mol higher in energy, and gt-gg-c is even high-
er at ~3.2kcal/mol, and gt-gt-c is ~2.2 kcal/mol higher in
energy.

It can be expected that within DP-4, long-range interactions
play a significant role in the energetic contributions of the system,
even though for the most part, the conformational differences in
bridging dihedral angles are small between DP-4 and maltose.

In the paired substitutions such as gg-gg-gt-gt-c, a AE of
~1.2 kcal/mol is found, AE of gg-gt-gt-gg-c is ~0.9 kcal/mol, gt-
gt-gg-gg-c is ~2.0 kcal/mol, and gt-gg-gg-gt-c is ~1.3 kcal/mol,
suggesting that the end effects are modest but can lead to
~1.0 kcal/mol of stabilization when gg comes before the pair of

gt rotamers in the sequence. When the double substitution is split
as in gg-gt-gg-gt-c, with a AE of ~0.5 kcal/mol, the result is some-
what lower in energy than when paired substitutions are exam-
ined. The AE of gt-gg-gt-gg-c is ~0.9 kcal/mol, somewhat higher
in energy but not greatly different than above. Again, it depends
on the positions of the different rotamers as to their energy prefer-
ence, with gg at the non-reducing end being slightly preferred.

In the single gg-substituted all-gt-c conformer series, the AE of
gg-gt-gt-gt-c is ~2.0 kcal/mol, gt-gg-gt-gt-c ~2.0 kcal/mol, gt-
gt-gg-gt-c is ~2.2 kcal/mol, and gt-gt-gt-gg-c is ~2.6 kcal/mol
higher in relative energy. The AEs of this series are somewhat par-
alleled by the dipole moments, the trend being 5.6 D, 5.0 D, 6.4 D,
and 8.1 D, respectively. The gradual increase in AE as the gg con-
formation moves from the nonreducing to the reducing end of
the DP-4 molecule is different and nearly opposite to the sequence
observed above for gt moving through the all-gg-c sequence. The
all-tg conformers are of high relative energy, and only tg at the
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a residue

C2a O02a-H Cla
gt-gt-gg-gg-r (AE=2.9 kcal/mol)

Cla-C2a-02a-H dihedral = -46.1

a residue

C2a OQ2a-H Cla

gt-gt-gg-gg-r”’ (AE=3.1 kcal/mol)
Cla-C2a-02a-H dihedral = 23.7

Figure 5. Difference between the r and r’ forms observed in the non-reducing end
of the DP-4 amylose fragment. For clarification only the a and b residue is shown.

non-reducing end has interest because of its lowering of the rela-
tive energy.

3.3. Clockwise ‘c’ conformations

The ¢|1bc/lﬁnbc values shown in Table 1 are generally similar for
those structures in which gg hydroxymethyl forms predominate.
Concentrating on the middle ¢;;>*/i/,;° we find a considerable con-
sistency, changing only as more gt conformations are included in a
sequence, the average y;°° values increasing in magnitude in that
case. The values for l//1|Cd also show more variability with devia-
tions of up to 5° from the "¢ values upon double substitution.
The all-tg forms have very different conformations, with the ¢y
values similar to the gg and gt forms, while the y/;; values become
much smaller.

3.4. Counterclockwise ‘r’ conformational energies

The lowest energy ‘r’ conformer (AE = ~1.0 kcal/mol), which
is denoted a ‘sharp folded conformation’ or gt-gt-gt-gg-r (see
Table 2 and Fig. 3), is a structure distorted from the usual V-he-
lix conformations and will be described later in this section.
From Table 2 we see that the all-gg-r conformation is found to
be higher in relative energy (AE = ~1.9 kcal/mol) than the all-
gg-c conformer. Replacing the nonreducing end gg with gt re-
sults in a structure with lower relative energy (AE =~1.7 kcal/
mol). It was found that rotating the 2-hydroxyl group to point
away from the 1-hydroxyl oxygen results in an energy loss of
~3.2 kcal/mol, leading to a stable conformation that retains its

structure even after energy optimization. Replacing either of
the middle gg residues with gt results in increasing the relative
energy by ~0.6 kcal/mol. As found for the ‘c’ series, double sub-
stitutions increase the energy by several kcal/mol, the lowest en-
ergy double substitution being the gt-gg-gt-gg-r conformer with
a AE of ~2.6 kcal/mol.

Several unusual sets of ¢y values were found for the a-b
bridge in several conformations, denoted with double primes in
Table 2. In each case the hydroxymethyl sequence has two gt con-
formations, that is, gt-gt-X, and ¢y**/yy™ values of ~—8°/—28°.
Structures of this case are shown in Figure 5. This unusual set of
dihedral angles were examined by placing them at all three glyco-
sidic positions in the starting conformation and carrying out en-
ergy optimization. In all cases, the structures returned to the
conformations shown in Table 2. It appears that this conforma-
tional state is an end effect, again differentiating these larger struc-
tures from maltose, where this dihedral angle space is not an
energy minimum.'®

As noted above, the lowest energy conformation (gt-gt-gt-gg-
r) in the ‘I’ series is a very tightly folded one in which the central
bridging dihedral angles are considerably moved from the V-helix
dihedral angles described for most conformers. In fact the ¢y
WiP¢ values are more ‘kink’ than syn form. The resulting conforma-
tion is of low energy as a result of close hydrogen-bonding interac-
tions, most of which would not be available in solution, and so this
conformer is considered an anomaly and most probably unavail-
able experimentally. As already noted, this conformer is a very
low energy ‘r’ conformation, being only ~1.0 kcal/mol higher in
relative energy than the lowest energy ‘c’ conformer. Conformers
in which at least one gg or gt-bearing residue (not in the a residue
position) has been replaced with a tg are all of higher relative en-
ergy by ~5 kcal/mol or more and so would be of low probability, in
agreement with experimental observations.

3.5. Conformations of ‘r’ forms

The ‘r’ conformational properties are also relatively consistent
for the all-gg or one-gt substitution conformers, but the dihedral
angles of the ‘r’ forms are found primarily in the (+, +) region of
¢u/u space relative to the (—, —) space of the ‘c’ forms as found
for maltose,'® and this is consistent with the ¢y isoenergetic
maps of maltose.'® As more gt forms are included in the sequence,
the iy, values remain very much the same with smaller values of
¢n at all positions. The all-tg conformers are of interest since they
do not show large variances in glycosidic dihedral angles from
those sequences where the tg form is in the a residue position.
The dipole moments of the ‘r’ forms are generally larger than those
found for the ‘c’ forms.

3.6. Internal coordinates/structural parameters

In this section we report structural parameters of general inter-
est including, hydrogen bond lengths, incremental structural dif-
ferences between ‘c’ and ‘I’ conformers, and the effects of
hydroxymethyl rotation upon close bonds and angles.

Tables 4 and 5 list the dihedral angles of the hydroxymethyl
groups, 05-C5-C6-06 and C5-C6-06-H6 for the ‘c’ and ‘r’ forms,
respectively. Only small deviations from the expected threefold
rotamer positions are found, with variances of less than 5° being
predominant. Some slight end effects can be found, for example,
in the structure gg-gg-gg-gt-c, the d residue CCOH dihedral angle
has a value of —51.5° which is significantly different from that
dihedral angle when found for gt conformers within the sequence.
It also differs from the value when the ‘c’ form changes to the c-
prime form, so it is responding to the conformational differences
at the anomeric center. The d residue ‘r’ form (see Table 5) does
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Table 6

B3LYP/6-311++G** conformations of ‘c’ type DP-4 amylose fragments, chain length, glycosidic bond angle, and virtual angles

U. Schnupf et al. / Carbohydrate Research 344 (2009) 362-373

Conformer 042-044 (A) 01-019 (A) C12-012-c4" (°) C1°-01P-C4€ (°) C1°-01°-C44 (°) 042-04°-04¢ (°) 04°-04¢-044 (°)
All-gg or single gt substitution

gg-gg-gt-gg-c 10.57 10.65 1184 118.6 117.9 1333 131.5
gg—gt-gg—gg-c 10.75 10.59 1183 1182 1185 1348 132.8
28-g8-gg-g8-C 10.62 10.54 118.1 118.4 118.2 1344 1313
gg-gg-gg—gt-C 10.60 10.63 118.2 118.5 118.1 1343 131.0
gt-gg-gg-gg-c 10.86 10.65 117.6 1183 1182 136.1 132.7
gg-gg-gt-gg-c? 10.65 10.57 118.3 118.4 118.0 133.9 1322
gg-gg-gg—gt-C' 10.57 10.47 118.2 118.5 118.1 134.3 130.8
gt-gg-gg-gg-C’ 10.86 10.47 117.6 118.3 118.3 136.2 132.6
Double substitutions

gg-gt-gg—gt—c 10.82 10.89 1182 118.1 118.1 135.1 1334
gg-gt-gt-gg-c 10.81 10.79 118.3 118.4 117.9 134.7 1334
gt-gg-gt-gg-c 10.89 10.82 117.7 1184 117.8 135.6 1336
gg-gg-gt-gt-c 10.65 10.82 118.3 118.4 118.0 133.8 132.2
gt-gg-gg—gt-C 10.76 10.69 117.7 1186 118.1 135.7 1318
gt-gt-gg-gg-c 10.85 10.74 118.0 118.0 118.4 135.5 133.7
gg-gt-gg-gt-c’ 10.83 10.75 118.2 118.0 118.1 135.3 1336
gg-gt-gt-gg-C' 10.85 10.65 1182 1183 118.0 135.0 133.6
gt-gg-gt-gg-C' 10.91 10.67 117.7 118.4 118.0 135.9 133.6
gg-gg-gt-gt-c’ 10.76 10.81 1182 1182 117.9 134.2 1334
gt-gg-gg-gt-c’ 10.78 10.56 117.7 118.5 118.1 135.8 131.8
gt-gt-gg-gg-C' 10.86 10.61 118.0 118.0 118.4 135.7 133.9
All-gt or single gg substitution

gg-gt-gt—gt-c 10.83 10.93 1183 1183 118.0 1347 133.6
gt-gg-gt-gt-c 10.88 10.92 117.8 1184 118.0 135.5 1335
gt-gt-gg-gt-c 10.78 10.88 118.1 118.1 118.1 135.1 133.2
gt-gt-gt-gg-c 10.86 10.82 118.1 1183 117.9 135.1 133.9
gt-gt-gt-gt-c 10.85 10.98 118.1 118.2 118.0 134.8 134.1
gg-gt-gt-gt-c’ 10.93 10.93 1182 118.1 117.9 135.1 134.6
gt-gg-gt-gt-c’ 10.99 10.91 117.7 118.1 117.9 136.0 134.6
gt-gt-gg-gt-c’ 10.81 10.74 118.1 118.1 118.1 135.4 133.4
gt-gt-gt-gg-c’ 10.92 10.70 118.0 118.2 118.1 135.6 1343
ig type

tg-gg-gt-gg-c 10.65 10.77 1182 118.4 117.9 1333 132.9
tg-gt-gg-gg-c 10.77 10.75 118.3 117.9 1184 134.0 134.1
tg-gg-gg-gg-c 10.68 10.64 118.0 1182 1183 133.8 132.7
tg-gg-gg—gt-c 10.67 10.77 118.0 118.3 118.0 133.9 132.5
tg-gt-gg-gt-c 10.78 10.92 1182 118.0 118.1 1343 133.9
tg-gt-gt-gg-c 10.79 10.83 1183 118.2 117.9 133.7 134.2
tg-gg-gt-gt-c 10.80 10.97 117.9 118.2 118.0 134.4 1339
tg-gt-gt-gt-c 10.87 11.05 118.2 118.1 117.9 134.2 134.8
gg-gg-gg-tg-C 10.64 10.26 1183 118.5 119.7 133.8 131.7
gt-gt-gt-tg-c 11.03 10.58 118.2 118.0 119.8 134.8 136.5
tg-tg-tg-tg-c 10.11 9.93 119.6 119.5 119.7 130.1 128.2
tg-tg-tg-tg-c’ 10.11 9.76 119.5 119.4 119.6 130.1 128.2
1C4

gg-gg-gt-gg-c’ 7.85 9.19 118.2 117.5 117.7 1341 91.9

¢ See Table 1 for definition of c'.

not appear to be so shifted, although other end effects can be
found. Other significant differences occur within the tg forms
where the CCOH values are significantly larger than 60°. In the
all-tg forms, the d residue CCOH value depends upon the glycosidic
bond difference, and moves from ~74° to ~55° a result of variation
in ¢y values. The boat structure gt-gt-tg—-gg-r also shows
significant deviations in CCOH values at the c residue, but one ex-
pects this stressed form to show such differences.

The size of the DP-4 molecules allows us to get chain lengths for
differing conformational states, and these are listed in Tables 6 and
7. The distance between atoms 049 or 019 of the syn ‘c’ con-
formers is listed in Table 6, and has a range of 10.5-10.9 A, while
for the ‘r’ conformers, listed in Table 7, the range is 9.7-10.9 A.
The exception to this range is found in the tightly folded conforma-
tion where the gt-gt-gt—gg-r fold brings the ends to within 8.2 A in
0434 distance and ~5.3 A in 0134 distance. The boat conformation
also has very short end-to-end distances.

Glycosidic bond angles are also shown in Tables 6 and 7. From
analysis of the X-ray structure of CA-26,%> the glycosidic bonds
averaged to 118.1° (see Table 3), which is in excellent agreement
with our results shown in Table 6 for the ‘c’ conformers, while
the ‘r’ syn conformers (see Table 7) give somewhat larger values,
118.9° on average. There appears to be no significant variation in
the C1-01-C4 angles resulting from the sequence position of dif-
ferent hydroxymethyl rotamers.

Calculated virtual angles, defined as 04*-04°-04¢, and similarly
for b-c-d residues, are given in Tables 6 and 7. Table 3 lists some
experimental and average calculated values for these parameters.
The experimental and calculated values agree well for both the
‘c’ and ‘r’ forms, and therefore, one cannot use this parameter to
predict hydroxyl directions along the chain, or for that matter, pre-
dict hydroxymethyl preferences.

One hydrogen bond length of interest is that interaction
across the glycosidic bond (a detailed list can be found in the
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Table 7

B3LYP/6-311++G** conformations of ‘I’ type DP-4 amylose fragments, chain length, glycosidic bond angle and virtual angles

Conformer 042-044 (A) 012-019 (A) C12-01%-C4" (°) C1°-01°P-C4€ (°) C1°-01°-C44 (°) 042-04°-04¢ (°) 04°-04-044 (°)
All-gg or single gt substitution

gt-gg-gg-gg-r 10.27 10.43 119.4 119.0 118.9 130.0 130.7
gg-g8-gg-gg-T 10.31 10.48 119.1 118.9 118.8 1305 1309
gg-gt-gg-gg-1 10.06 10.34 119.6 1193 1189 128.6 129.1
gg-gg-gt-gg-r 10.08 10.13 119.1 119.7 119.3 130.2 128.1
gg-gg-gg-gt-r 10.31 10.32 119.1 118.9 119.6 1305 131.0
gg-gg-gg-gg-1" 10.33 10.31 119.0 119.0 118.8 130.8 1309
Double substitutions

gt-gg-gt-gg-r 10.13 10.16 1194 119.6 1193 130.2 128.6
gt-gg-gg-gt-r 10.37 10.39 1193 118.8 119.6 130.5 131.7
gt-gt-gg-gg-r 10.19 10.26 119.5 119.4 119.0 130.9 128.6
gg-gt-gg-gt-r 10.02 10.19 119.7 1194 119.6 128.5 128.9
gg-gg-gt-gt-r 10.13 10.20 119.1 119.7 1195 1304 128.4
gg-gt-gt-gg-r 9.74 10.00 119.7 1204 118.1 129.3 123.9
gt-gt-gg-gg-1’ 1091 10.42 117.2 119.3 1189 140.7 130.0
gg-gt-gt-gg-r’ 9.78 9.90 119.7 1203 118.0 129.5 124.2
Al- gt or single gg substitution

gt-gt-gg-gt-r 10.23 10.19 119.5 1193 119.6 131.0 129.0
gt-gt-gt-gg-r 10.20 10.12 119.5 119.7 119.3 131.3 128.5
gt-gg-gt-gt-r 10.22 10.27 119.3 119.7 119.5 1305 129.3
gg-gt-gt-gt-r 10.13 10.31 119.7 119.6 119.6 128.9 130.1
gt-gt-gt-gt-r 10.34 10.27 1195 119.6 119.6 131.8 129.9
gt-gt-gg-gt-1’ 10.93 10.31 1171 119.2 119.6 140.8 1303
gt-gt-gt-gg-1’ 10.85 10.22 117.2 119.7 119.3 140.6 129.6
gt-gt-gt-gt-r’ 10.97 10.37 117.2 119.5 119.6 141.0 130.8
tg type

tg-gg-gg-gg-r 10.45 10.47 119.1 118.9 118.9 132.2 1309
tg-gt-gg-gg-r 10.20 10.32 119.6 119.3 118.9 1304 129.0
tg-gg-gt-gg-r 10.22 10.10 119.1 119.7 119.3 132.0 128.0
tg-gg-gg-gt-r 10.39 10.22 119.1 119.0 119.7 132.0 1303
gg-gg-gg-tg-r 10.35 10.47 119.0 118.9 119.7 130.7 131.1
tg-gt-gg-gt-r 10.31 10.26 119.5 119.2 119.6 131.2 129.9
tg-gt-gt-gg-r 10.20 10.16 119.7 119.6 119.3 130.7 129.2
tg-gg-gt-gt-r 10.35 10.19 118.9 119.7 119.6 1329 128.6
gt-gt-gt—tg-r 9.94 9.12 119.6 1204 1205 132.8 119.9
tg-gt-gt-gt-r 10.34 10.33 119.6 119.5 119.6 131.2 1304
tg-tg-tg-tg-r 10.90 10.82 1195 119.5 119.6 134.9 134.0
tg-tg-tg-tg-r 10.90 11.68 119.6 119.5 116.3 134.7 133.2
tg-gt-gg-gg-1’ 10.78 10.42 117.8 119.3 118.8 138.2 130.1
tg-gt-gg-gt-r’ 10.96 10.29 1171 119.2 119.6 141.2 1304
tg-gt-gt-gg-r’ 10.80 10.31 117.8 119.5 119.3 138.3 130.6
tg-gt-gt-gt-r’ 11.12 10.49 117.0 1194 119.5 142.1 131.8
Sharp folded conformation

gt-gt-gt-gg-r 8.19 5.25 119.5 121.0 1221 1329 90.7
Boat

gt-gt—tg—gg-r 7.27 5.72 118.8 119.7 1213 135.4 74.6

2 See Table 2 for definitions for r' and r”.

Table 8

COSMO-B3LYP/6-311++G** energies and conformations (¢, dihedral angles in degrees) of ‘c’ and ‘r’ type DP-4 amylose fragments

Conformer Dihedral angles?® AE (kcal/mol) Dipole (Debye)
o™ Yia™ dm®™ Yua dm Yia™

All-gg

gg-8g-gg-gg-C -7.7 -3.6 -79 -33 -9.4 —-8.7 1.7 4.1

£8-2g-28-8g-T -2.7 12.6 —4.5 10.6 —4.7 9.9 0.0° 12.6

All-gt

gt-gt-gt-gt-c -7.6 -11.7 -7.1 -8.7 -8.7 -11.3 2.2 8.9

gt-gt-gt-gt-r -1.7 11.2 -2.7 -9.3 -3.6 8.5 1.6 8.7

All-tg

tg-tg-tg-tg-c -34 4.9 -2.2 6.3 -2.7 7.5 7.5 11.0

tg-tg-tg-tg-r 0.9 13.6 1.6 13.0 2.0 13.7 4.9 7.6

2 See Table 1 for definition of dihedral angles.

Supplementary data) is formed between atoms 03 of one residue ‘r’" forms. The average calculated values fall into the range of the
and 02 of a neighboring residue. An average value of 2.82 A was experimental values which range from 2.7 to 2.9 A for the helical
found for the ‘c’ forms, while a value of 2.89 A was found for the portions of the CA-26*° X-ray structure.
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Table 9
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COSMO B3LYP/6-311++G** conformations of ‘c’ and ‘r’ type DP-4 amylose fragments, dihedral angles (degrees) for the hydroxymethyl groups, chain length, glycosidic bond angle,

and virtual angles

Conformer Ring a Ring b Ring ¢ Ring d

0Cco? CCOH 0CCo CCOH 0CCo CCOH 0CCo CCOH
All-gg
gg-gg-gg-gg-C —62.6 62.1 —-60.8 61.7 —60.8 61.6 —60.4 61.5
g8-28-28-g8T —61.4 60.9 -61.9 62.0 -61.8 62.0 —61.7 61.9
All-gt
gt-gt-gt-gt-c 63.5 —62.5 63.0 —62.5 62.9 —61.7 63.9 -58.6
gt-gt-gt-gt-r 63.1 —65.0 63.2 —65.8 62.7 —65.6 63.1 -58.6
All-tg
tg-tg—tg—tg-c 178.4 169.1 160.9 72.7 160.3 72.8 162.1 72.5
tg-tg—tg—tg-r 166.7 50.7 155.8 74.8 156.3 74.2 158.3 74.0
Conformer 042-044 (A) 012-01¢ (A) C12-013-C4° (°) C1°-01°-C4°¢ (°) C1°-01°-C44 (°) 042-04°-04¢ (°) 04P-04°-044 (°)
All-gg
gg-gg-g8-gg-C 10.12 10.28 119.0 118.9 118.6 129.8 129.0
g8-2g-g2-gg-T 10.14 10.16 119.2 119.2 119.2 129.8 129.2
All-gt
gt-gt-gt-gt-c 10.29 10.42 118.8 118.9 118.6 131.1 129.9
gt-gt-gt-gt-r 9.96 10.04 119.5 119.5 119.4 128.8 127.8
All-tg
tg-tg—tg—tg-c 10.20 10.19 119.4 119.4 119.4 130.2 129.1
tg-tg-tg—tg-r 10.86 10.47 117.6 1183 118.3 136.2 132.6

2 See Table 4 for dihedral angle definitions.

3.7. Implicit solvation

The effect of solvation on conformational and energetic prefer-
ences was investigated by introducing implicit solvation via the
continuum solvation model COSMO.?° Important structural and
energetic information of the COSMO calculations are summarized
in Table 8 and Table 9. Upon application of COSMO to selected
DP-4 conformations obtained in vacuo, it is apparent that the en-
ergy preferences are reversed, now favoring the ‘r' conformers over
the ‘c’ forms, in the all-gg conformations by relative energy of
~1.7 kcal/mol. Interesting is the large difference in the all-gg-c/r
dipole moments, from 4.1 D for ‘c’ versus 12.6 D for ‘r’. As noted
previously, the relative energy increases when going from all-gg
to all-gt conformations, with the ‘r’ form remaining lower in en-
ergy than the ‘c’ form. The all-tg forms remain of higher energy
with COSMO as they were in vacuo. A similar shift in favoring
the full solvated ‘r’ form over the ‘c’ form was also observed in pre-
vious studies of maltose'® and maltotriose.?*

The energy difference between the c/r forms upon application of
COSMO amounts to a relative change in energy of more than
~3.5 kcal/mol, and the glycosidic dihedral angles also change,
more so with the ‘c’ conformer. The largest change is observed
for the all-gg yy,°>°““? dihedral angles, changing upon inclusion
of COSMO to smaller negative values by more than ~15° whereas
the change in the ¢;;;°>?““¢ is much smaller. In the all-gt case, sig-
nificant deviations in the resulting dihedral angles were also found
upon optimization with the solvent model. Again in particular,
changes were found in the ;4> values. Of interest is that
the all-gt forms are of higher relative energy than the all-gg forms,
suggesting that gg may be the favored hydroxymethyl conforma-
tion in solution. In the case of the all-tg forms, the conformers re-
main of relative high energy upon solvation compared to the all-gg
and all-gt forms (~4-7 kcal/mol). In contrast to all-gg and -gt
forms, the glycosidic dihedral angles show only very small varia-
tions upon addition of COSMO, suggesting that the tg forms have
smaller allowed low-energy regions, which is in agreement with
previous DFT mapping studies.'®

It is of interest to directly compare our results with internal
coordinates of the crystal structure of maltotritol.>° Both hydroxy-

methyl groups are in the gt-gt conformation, and the direction of
the hydroxyl groups is primarily of the ‘c’ form on the a residue.
The 05%-C12-01°-C4® dihedral angle was found to be 110.4°
which compares to our ‘c’ mean value in Table 3 of 108.5°, while
the measured C13-012-C4°-C3® value is 94.3 °, which compares
favorably with our value 101.3°. Looking at our calculated ‘r’ values
shown in Table 3, it is clear that one may be able under certain cir-
cumstances to use the dihedral angles associated with the X-ray
structure to determine the secondary hydroxyl group’s directional-
ity around the ring. The calculated ‘r’ ¢ and i/ values of 132.3° and
130.5° are outside the range expected for the ‘c’ forms, but the
decision remains difficult when the experimental values are in
the minimum range of both ‘c’ and ‘r’ forms.

In Table 3 the mean (helical) calculated values for the cycloam-
ylose, CA26, also suggest that the ‘c’ form has better fit to
experiment.

4. Conclusions

Our conclusions regarding the syn forms of DP-4 follow those of
our DP-3 results,?* which suggested that maltose is not a particu-
larly good model for larger starch fragments. In this work several
end effects appear that make the two residues on each side of
the central glycosidic bond appear to be ends of a chain, but with
different conformational properties at the two ends. At first glance
the syn forms studied here appear to be very similar in glycosidic
dihedral angles even when moving from ‘c’ to ‘T’ hydroxyl direc-
tions, but one must remember that when larger systems are inves-
tigated, small differences in dihedral angles can make large
changes in the positions of residues remote to the starting site.
We do see differences in the overall conformations with small dif-
ferences, and they are subtle to the point that figures become less
illuminating unless they are extended to larger systems.

We have, as previously for the DP-3 examples,?* examined a
few solvated conformations and find that the application of an im-
plicit solvent method, COSMO, results in changes in both relative
energies, as well as conformational state. Although data are being
gathered relative to the solvation question, it is premature to spec-
ulate as to the predictive ability of these implicit solvation models.
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At the current level of theory and computing hardware, addition of
explicit water molecules to many conformations of DP-4 creates a
major hurdle to overcome, and only in the future may this become
feasible. On the other hand, our previous explicit water studies'> ¢
with one and five water molecules, respectively, around glucose,
support the ‘r’ orientation found here. The few ‘c’ forms reported
in those papers were all of very high relative energy. To date the
computational evidence gained from our DFT with explicit water
and DFT/COSMO calculations both point to the ‘r’ hydroxyl direc-
tion being favored in the fully solvated state. This result appears
to be in agreement with solvation studies of Kirschner and
Woods,>! where the ‘r' form was used in their explicit solvent
empirical dynamics simulations, although their work is directed
toward understanding the effect of solvent on the hydroxymethyl
rotamer population (see also the solvation studies of reference3?),
and not on the orientation preference of the secondary hydroxyl
groups.

In our search for low-energy conformational states to add to our
list of favored structures on which to build larger fragments of
amylose, the syn forms presented here are now well established
with differences from maltose when moving to larger fragments.
In Paper II of this series,?> we present studies on several other con-
formational forms (i.e., ‘band-flips’ and ‘kinks’) which we add to
our arsenal of starting conformations for carbohydrates. Our goal
is to establish a library of favored conformations similar to those
noted for proteins, recognizing that carbohydrates do not take on
organized secondary structural motifs as strongly as do proteins,
a result of broad and flat energy landscapes around the glycosidic
bonds.'

Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.carres.2008.11.017.
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